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Livermore,	  CA	  94500	  

OVERVIEW	  
	  
Nuclear	  Theory	  research	  under	  the	  auspices	  of	  the	  Department	  of	  Energy	  (DOE)	  Office	  of	  
Nuclear	  Physics	  (NP)	  is	  conducted	  within	  several	  funding	  sources	  and	  projects.	  These	  include	  
base	  funding,	  and	  early	  career	  award,	  and	  a	  collaborative	  SciDAC-‐3	  award	  that	  is	  jointly	  funded	  
by	  DOE/NP	  and	  the	  Advanced	  Simulations	  and	  Computations	  (ASC)	  effort	  within	  the	  National	  
Nuclear	  Security	  Agency	  (NNSA).	  Therefore,	  this	  annual	  report	  is	  organized	  within	  the	  three	  
primary	  sections	  covering	  these	  projects.	  
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Accomplishments 

Giant	  resonances	  in	  light	  p-‐shell	  nuclei	  

Through	   a	   base	   program	   grant,	   research	   in	   nuclear	   structure	   with	   an	   emphasis	   of	   ab	   initio	  
approaches	  to	  the	  structure	  of	  light	  nuclei	  is	  conducted.	  The	  funding	  level	  is	  $170K/year.	  Due	  to	  
the	   continuing	   resolution,	   funding	   was	   received	   throughout	   the	   fiscal	   year	   (FY),	   with	   last	  
increment	   arriving	   in	   August.	   This	   funding	   primarily	   supports	   a	   post-‐doctoral	   researcher	  
(Michael	  Kruse),	  his	  travel	  to	  conferences	  and	  workshops,	  and	  approximately	  2	  weeks	  of	  effort	  
for	  the	  PI.	  The	  PI	  mentors	  the	  post	  doc	  and	  helps	  guide	  the	  research	  program.	  

In	   the	  past	  year,	   the	  primary	   focus	  
of	   our	   ab	   initio	   effort	   was	   to	  
develop	  the	  computational	  tools	  to	  
conduct	  a	  thorough	  investigation	  of	  
transitions	  in	  light	  nuclei	  within	  the	  
framework	   of	   the	   no-‐core	   shell	  
model	   (NCSM).	   We	   worked	  
extensively	  with	  C.	   Johnson	   (SDSU)	  
developing	   capability	   with	   the	  
BIGSTICK	   shell-‐model	   program	   to	  
compute	   detailed	   response	  
functions	   for	   a	   wide	   range	   of	  
transition	   operators.	   Of	   particular	  
interest	  were	   collective	  modes	  not	  
studied	   by	   other	   ab	   initio	   efforts.	  
The	  primary	   focus	   in	   FY15	  was	   the	  
isovector	   giant-‐dipole	   resonance	  
(GDR),	   where	   we	   computed	   the	  
response	  function	  for	  p-‐shell	  nuclei	  
with	   6	   ≤	   A	   ≤	   12.	   Due	   to	   the	  
computational	   complexity,	   we	  
carried	   out	   calculations	   with	   the	  
nucleon-‐nucleon	   chiral	   EFT	  
potential	   at	   next-‐next-‐next-‐to-‐
leading-‐order	  (N3LO),	  softened	  with	  
the	   simulation-‐renormalization	  
group	   method	   with	   λ	   =	   2.02	   fm-‐1.	  
This	  choice	  of	  λ	  was	  made	  because	  
the	   overall	   binding	   energies	   with	  
NN	   only	   are	   similar	   to	   those	   with	  
three-‐nucleon	   interactions	  
included.	   For	   the	   GDR,	   this	  
truncation	   in	   the	   Hamiltonian	   is	  
likely	   reasonable,	  although,	   for	   the	  

 
Figure	  1	  Isovector	  dipole	  response	  in	  10B	  as	  a	  function	  of	  model	  
space	  size.	  

 
Figure	  2	  Computed	  (blue)	  and	  modeled	  (red)	  neutron	  escape	  
widths,	  Γn,	  for	  excited	  states	  

10B	  as	  a	  function	  of	  excitation	  
energy	  above	  the	  separation	  energy	  Sn.	  
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next	  phase	  of	  our	  research,	  which	  are	  monopole	  transitions,	  we	  have	  tantalizing	  evidence	  that	  
including	   the	  NNN	   interaction	  will	   be	  necessary.	   The	  dipole	   response	   for	   10B	  as	  a	   function	  of	  
NCSM	  model	  space	  is	  shown	  in	  Figure	  1,	  where	  discrete	  lines	  show	  transition	  strength	  to	  NCSM	  
eigenstates.	  

An	   important	   feature	   of	   the	   dipole	   response	   is	   that	   most	   of	   the	   strength	   lies	   above	   the	  
threshold	  for	  neutron	  emission.	  However,	  the	  NCSM	  is	  a	  bound-‐state	  approach	  that	  does	  not	  
explicitly	  account	   for	  particle	  escape	  widths.	  Because	  of	  the	  Heisenberg	  uncertainty	  principle,	  
the	   experimental	   resolution	   of	   the	   dipole	   response	   cannot	   be	   better	   than	   the	   width	   of	   the	  
individual	   states.	   The	   only	   true	   way	   to	   include	   the	   escape	   width	   would	   be	   to	   approach	   the	  
problem	  within	  the	  context	  of	  the	  NCSM	  plus	  resonating	  group	  method,	  as	  is	  being	  done	  by	  S.	  
Quaglioni	  and	  P.	  Navratil	  to	  describe	  low-‐energy	  reactions	  of	  the	  lightest	  nuclei.	  This	  approach,	  
however,	   is	   by	   no	   means	   practical	   for	   heavier	   systems	   and	   the	   higher	   excitation	   energies	  
probed	   by	   dipole	   transitions.	   Instead,	   we	  modeled	   the	   neutron	   escape	   utilizing	   an	   R-‐matrix	  
approximation,	  originally	  proposed	  by	  Wigner.	  The	  width	  is	  given	  by	  Γ = 2𝑃!𝛾!"! 	  where	  Pl	  is	  the	  
penetrability	   factor	   for	   partial	   waves	   with	   angular	   momentum	   l,	   and	   𝛾!"! = ℏ! 𝑀𝑅!.	   In	   the	  
limit	  of	  s-‐waves,	  this	  reduces	  to	  the	  inverse	  of	  the	  time	  for	  a	  particle	  of	  mass	  M	  to	  transverse	  
the	  distance	  R/2,	  and	   increases	  as	   the	  square	  root	  of	   the	  energy	  of	   the	  emitted	  particle.	  This	  
behavior	  with	  excitation	  energy	   is	  reasonable	  as	   it	   is	  highly	  correlated	  with	  the	  time-‐scale	  for	  
the	  neutron	   to	  escape	   from	   the	  nucleus.	  We	  computed	   the	  width	  as	  a	   function	  of	  excitation	  
energy	   for	   NCSM	   model	   spaces	   up	   to	   Nmax=5,	   and	   then	   modeled	   the	   effect	   for	   Nmax=9	  
calculations.	  The	  neutron	  escape	  width	   is	  found	  to	   increase	  somewhat	  softer	  than	  the	  square	  
root	  of	  the	  excitation	  energy.	  This	  is	  due	  to	  the	  fact	  that	  the	  single-‐particle	  is	  generally	  emitted	  
to	   states	  with	   an	   energy	   roughly	   one-‐oscillator	   quantum	  below	   the	   excitation	   energy,	   and	   is	  
characterized	  in	  the	  calculated	  spectroscopic	  factors.	  The	  modeled	  and	  exact	  escape	  widths	  are	  
shown	  in	  Fig.	  2.	  This	  escape	  width	  was	  then	  folded	  into	  the	  GDR	  response,	  and	  is	  shown	  in	  Fig.	  3	  
for	  each	  model	  space	  and	  in	  comparison	  with	  experiment.	  

This	   work	   was	   submitted	   to	  
Physical	   Review	   Letters.	   One	  
referee	  was	   generally	   positive,	   but	  
misunderstood	  how	  the	  calculation	  
was	  performed.	  The	  second	  referee	  
complained	   that	   the	   calculation	  
was	   not	   ab	   initio	   due	   to	   our	  
modeling	  and	  folding	  of	  the	  escape	  
width.	  He/she	  suggested	  to	  us	  that	  
our	  calculation	  would	  have	  been	  ab	  
initio	   if	   only	  we	  had	  employed	   the	  
Lorentz-‐Integral	   Transformation	  
(LIT)	   Method.	   We	   were	   aware	   of	  
this	  method,	   but	   felt	   that	   it	   the	   r-‐
matrix	   approach	   would	   actually	  
contain	  more	  physics,	  and	  that	   the	  
inversion	  is	  unstable.	  Thus,	  we	  have	  

	  

Figure	  3	  Dipole	  response	  and	  photo-‐absorption	  cross	  section	  for	  
10B	  including	  escape	  width	  as	  a	  function	  of	  model	  space	  and	  
compared	  with	  experiment.	  
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spent	  the	  next	  few	  months	  investigating	  the	  LIT	  approach	  in	  response.	  We	  have	  concluded	  that	  
the	   LIT	   is	  no	  more	  ab	   initio	   than	   folding	   the	   r-‐matrix	  estimate	  of	   the	  escape	  width,	   and	  may	  
actually	  be	  worse.	  First	  of	  all,	  the	  effect	  of	  the	  continuum	  is	  only	  contained	  in	  the	  ad	  hoc	  basis	  
function	  used	  to	  invert	  the	  LIT.	  The	  LIT	  is	  also	  strongly	  dependent	  on	  the	  smoothing	  width,	  and	  
the	   inversion	   is	  notoriously	  unstable.	  We	  show	  that	  the	  most	  popular	  basis	   functions	  used	  to	  
invert	   the	   LIT,	   𝜔!!! !𝑒!!",	   exhibit	   a	   full-‐width-‐at-‐half-‐maximum	   (FWHM)	   that	   is	   directly	  
proportional	   to	   the	   peak	   resonance	   energy,	   𝜔! = 𝑙 + 1 2 𝛼.	   There	   are,	   however,	   very	  
strong	  arguments	  that	  at	  higher	  energies,	  the	  FWHM	  should	  increase	  as	  the	  square	  root	  of	  the	  
energy,	  since	  it	  is	  related	  to	  the	  inverse	  of	  the	  time	  for	  the	  particle	  to	  escape.	  We	  are	  preparing	  
a	  response	  to	  the	  referee	  and	  a	  paper	  on	  the	  limitations	  of	  the	  LIT;	  in	  particular,	  explaining	  how	  
it	  is	  not	  an	  ab	  initio	  method	  for	  computing	  the	  response	  function.	  

The	  last	  important	  feature	  of	  the	  dipole	  response	  work	  was	  a	  test	  of	  the	  brink	  hypothesis.	  Here,	  
we	  computed	  the	  GDR	  response	  on	  the	  first	  ten	  excited	  states	  in	  B,	  and	  found	  a	  coherent	  dipole	  
response	   that	   looks	   remarkably	  
similar	   for	  each	  state.	   In	  a	  sense,	  
confirming	   the	   Brink	   hypothesis	  
in	   that	   a	   collective	  dipole	   is	   built	  
upon	  each	  state	  in	  a	  nucleus.	  

Behavior	   of	   NN	   isotensor	  
interactions	   exhibited	   in	   the	   c-‐
coefficients	  of	  the	  IMME	  	  

Over	   the	   past	   year,	   the	   PI	   had	   a	  
goal	   to	   develop	   an	   improved	  
interaction	   for	   fp-‐shell	   nuclei	   to	  
describe	   Coulomb	   displacement	  
energies,	   the	   location	   of	   the	  
proton	   drip	   line,	   and	   isospin-‐
symmetry	   breaking	   effects	   in	   fp-‐
shell	  nuclei,	  and	  in	  particular	  their	  
impact	  on	  superallowed	  Fermi	  β-‐
decay.	   The	   original	   goal	   was	   to	  
follow	   his	   previous	   work	   and	  
utilize	   an	   empirical	   framework.	  
However,	   with	   the	   advent	   of	  
improved	   realistic	   NN	  
interactions	   and	   improved	  
techniques	   to	   derive	   effective	  
interactions	   for	   heavier	   nuclei,	  
the	   PI	   initiated	   a	   collaboration	  
with	   Morten	   Hjorth-‐Jensen	   and	  
Alex	   Brown	   to	   use	   effective	  
interactions	  derived	  from	  realistic	  

 
Figure	  4.	  Comparison	  of	  calculated	  c-‐coefficients	  of	  the	  IMME	  obtained	  
with	  three	  realistic	  NN	  interactions	  for	  the	  yrast	  states	  with	  T=1	  with	  
experimental	  data.	  The	  solid	  colored	  lines	  represent	  the	  full	  calculation	  
with	  N3LO,	  AV18,	  and	  CD-‐Bonn	  nucleon-‐nucleon	  interactions.	  The	  
dashed	  black	  line	  is	  the	  Coulomb	  contribution,	  while	  the	  colored	  dot-‐
dashed	  lines	  show	  the	  isotensor	  contribution	  from	  each	  interaction.	  
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interactions	   containing	   full	   isospin-‐symmetry	   violation.	   These	   form	   the	   basis	   of	   interaction	  
including	  Coulomb	  and	  isospin-‐symmetry	  breaking	  in	  the	  nucleon-‐nucleon	  sector.	  These	  terms	  
would	  form	  the	  basis	  for	  a	  new	  interaction	  where	  some	  simple	  tweaking	  would	  be	  employed	  to	  
reproduce	   experimental	   coefficients	   of	   the	   isobaric	  mass-‐multiplet	   equation	   (IMME),	   namely	  
the	  energy	  of	  the	  members	  of	  an	  isospin	  multiplet	  can	  be	  written	  as	  𝐸 = 𝑎 + 𝑏𝑇! + 𝑐𝑇!!	  where	  
the	  b-‐coefficient	   is	  determined	  by	   the	   isovector	   interaction	  𝑣!! − 𝑣!!	  and	   the	  c-‐coefficient	   is	  

determined	   by	   the	   isotensor	   component	   𝑣!" −   
!!!!!!!

!
.	   This	   produced	   surprising	   results.	  

Namely,	  that	  there	  is	  substantial	  variation	  in	  realistic	   interactions	  (N3LO,	  CD-‐Bonn,	  and	  AV18),	  
and	  that	  in	  general,	  the	  realistic	  interactions	  tend	  to	  over	  estimate	  the	  size	  of	  the	  c-‐coefficients.	  
In	  Fig.	  4,	  calculated	  c-‐coefficients	  are	  shown	  in	  comparison	  with	  experiment	  for	  A=42,	  46,	  50,	  
54,	   and	   58	   for	   the	   lowest	   T=1	   state	   for	   each	   angular	   momentum	   J.	   The	   solid	   colored	   lines	  
denote	  the	  full	  results	  for	  the	  three	  different	  NN	  interactions.	  The	  black	  dashed	  line	  is	  Coulomb	  
contribution,	  while	  the	  colored	  dashed-‐dotted	  lines	  are	  the	  isotensor	  contribution	  for	  each	  NN	  
interaction.	  All	  three	  interactions	  exhibit	  enhanced	  “pairing”	  in	  the	  pn-‐channel,	  as	  shown	  by	  the	  
larger	  c-‐coefficient	  for	  J=0.	  Of	  other	  interest	  is	  the	  upturn	  seen	  in	  both	  theory	  and	  experiment	  
for	  high	  spins	  (J	  >	  10).	  For	  A	  <	  58.	   In	  addition,	  only	  the	  N3LO	  NN	  interaction	  gives	  agreement	  
with	  the	  experimental	  trends	  for	  the	  low-‐spin	  states.	  The	  discrepancy	  for	  CD-‐Bonn	  was	  actually	  
noticed	   in	   PRC66,	   024314	   (2002),	   (Caurier,	   Navratil,	   Ormand,	   and	   Vary)	   in	   an	   ab	   initio	  
calculation	  for	  A=10	  nuclei.	  At	  the	  time,	  this	  was	  not	  understood	  to	  be	  so	  systematic	  issue.	  This	  
work	  will	  be	  submitted	  to	  Physical	  Review	  Letters	  in	  Q1	  FY16.	  

Metrics  

Publications	  
1. Ab-‐initio	  calculation	  of	  the	  photonuclear	  cross	  section	  of	  10B,	  M.K.G.	  krise,	  W.E.	  Ormand,	  

C.W.	  Johnson,	  submitted	  to	  Phys.	  Rev.	  Letters,	  arXiv[nucl-‐th]:1502.03464	  
2. Properties	  of	  infrared	  extrapolations	  in	  a	  harmonic	  oscillator	  basis,	  S.	  A.	  Coon	  and	  M.	  K.	  

G.	  Kruse,	  International	  Journal	  of	  Modern	  Physics	  E	  (IJMPE):	  Special	  issue	  on	  “Effective	  
Field	  Theory	  in	  Nuclear	  Physics”	  [invited	  contribution;	  issue	  is	  currently	  being	  compiled].	  

Talks	  
1. Ab-initio strength functions in light nuclei, M.K.G. Kruse, Conference: Fourth Joint 

Meeting of the Nuclear Physics Divisions of the American Physical Society and The 
Physical Society of Japan, Waikoloa Village (HI), October 2014 

2. Building an ab-initio framework for electromagnetic observables in light nuclei, M.K.G. 
Kruse, Seminar: Lawrence Berkeley National Laboratory (LBNL), Berkeley CA, 
November 25 2014 

3. The photonuclear cross section of Boron-10 from the No Core Shell Model, M.K.G. 
Kruse, Seminar: Los Alamos National Laboratory (LANL), Los Alamos NM, December 
9 2014 

4. The photonuclear cross section of the Boron-10 nucleus, M.K.G. Kruse, Postdoc 
interview: University of South Carolina, Columbia SC, January 14 2015 

5. The photonuclear cross section of the Boron-10 nucleus, M.K.G. Kruse, Postdoc 
interview: Lawrence Berkeley National Laboratory (LBNL – Chemical Sciences 
division), Berkeley CA, March 4 2015 
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6. The photonuclear cross section of the Boron-10 nucleus, M.K.G. Kruse, Seminar: 
University of Notre Dame, South Bend IN, April 27 2015 

7. The photonuclear cross section of the Boron-10 nucleus, M.K.G. Kruse, Seminar: 
University of Michigan State, East Lansing MI, April 30 2015 

Changes in personnel 

In	  August	  2015,	  Michael	  Kruse	  was	  hired	  into	  the	  Atomic	  Theory	  group	  at	  LLNL	  as	  a	  staff	  
member.	  In	  September	  2015,	  George	  Papdimitriou,	  lately	  at	  Iowa	  State	  University,	  was	  hired	  
into	  the	  project,	  replacing	  Michael	  Kruse.	  

Service 

The	  PI	  served	  as	  a	  member	  of	  the	  Nuclear	  Science	  Advisory	  Committee	  (NSAC)	  and	  contributed	  
to	  the	  long-‐range	  plan	  as	  a	  member	  of	  the	  writing	  committee	  for	  workforce	  and	  nuclear	  theory.	  
The	  PI	  was	  recently	  asked	  to	  be	  a	  member	  of	  the	  Committee	  of	  Visitors	  for	  a	  report	  ion	  FY16.	  
The	  PI	  also	  served	  on	  a	  review	  panel	  for	  the	  U.S.	  Nuclear	  Data	  Program	  and	  is	  on	  the	  Nuclear	  
Data	  Advisory	  Committee	  (NDAC).	  	  

The	  PI	  is	  a	  member	  of	  the	  FRIB	  Theory	  Steering	  Committee,	  which	  is	  in	  the	  process	  of	  being	  
reorganized	  into	  the	  FRIB	  Theory	  Alliance.	  The	  PI	  served	  as	  chair	  for	  the	  FRIB	  Theory	  Fellow	  
Search	  Committee	  for	  two	  searches	  for	  the	  FRIB	  Theory	  Fellow.	  

Plans for FY16  

Ab	  initio:	  The	  publication	  of	  the	  dipole	  response	  in	  10B	  progressed	  slower	  than	  planned	  due	  to	  
the	  desire	  of	  the	  referee	  for	  us	  to	  include	  the	  LIT	  procedure.	  In	  the	  end,	  this	  will	  get	  finished	  in	  
Q1	  FY16,	  and	  it	  didn’t	  add	  particularly	  much	  to	  the	  study.	  The	  next	  phase	  for	  response	  functions	  
is	  to	  examine	  the	  structure	  of	  the	  isoscalar	  and	  isovector	  monople	  within	  the	  NCSM	  formalism.	  
We	   have	   preliminary	   calculations	   with	   NN-‐interactions	   only	   that	   show	   a	   strong	   collective	  
monopole	   (most	   of	   the	   strength	   dominated	   by	   a	   single	   line)	   in	   some	   nuclei,	   and	   not	  
(fragmentation	   of	   the	   strength	   into	   two	   or	   more	   lines)	   in	   others.	   In	   addition,	   the	   isoscalar	  
monopole	  exhibits	  a	  very	  strong	  dependence	  on	  model	  space.	  In	  6Li,	  the	  resonance	  line	  drops	  in	  
excitation	  from	  approximately	  30	  MeV	  at	  Nmax=4	  to	  12	  MeV	  at	  Nmax	  =	  14.	  The	  extrapolated	  full-‐
space	   result	   is	   approximately	   10	   MeV.	   This	   behavior	   is	   also	   demonstrated	   in	   other	   p-‐shell	  
nuclei,	  such	  as	  10B	  and	  10C.	  Given	  that	  the	  monopole	  response	  is	  a	  measure	  of	  the	  stiffness	  of	  
the	  system,	   this	  precipitate	  drop	   is	  a	  strong	   indication	  that	   the	  NN	   interaction	   is	   far	   too	  soft,	  
and	  generally	  leads	  to	  collapse.	  This	  is	  the	  case	  even	  with	  the	  SRG	  with	  λ	  values	  that	  mimic	  the	  
ground-‐state	  binding	  energy	  of	  the	  system.	  This	  observed	  behavior	  may	  well	  be	  the	  reason	  that	  
attempts	   to	  compute	   isospin-‐mixing	  corrections	  within	   the	  NCSM	  have	   failed.	  Generally,	   they	  
fail	  to	  give	  any	  indications	  of	  convergence	  in	  the	  model	  space.	  	  	  In	  the	  coming	  year,	  we	  plan	  to	  
conduct	   calculations	   of	   the	   monopole	   response	   with	   realistic	   NNN	   interactions,	   to	   explicitly	  
track	  the	  behavior	  of	  the	  monopole	  breathing	  modes.	  	  
Interactions	  in	  the	  fp-‐shell:	  We	  will	  derive	  a	  better	  interaction	  for	  fp-‐shell	  based	  on	  the	  realistic	  
interactions	   described	   above.	  While	   it	   is	   true	   that	   the	  NN	   isotensor	   component	   is	   too	   large,	  
there	  is	  significant	  evidence	  that	  a	  simple	  renormalization	  will	  reproduce	  the	  experimental	  data	  
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rather	  well.	  We	  will	   also	   look	   into	   possible	   components	   from	   the	  NNN	   interaction,	   although	  
without	   data	   from	   light	   systems	   it	  will	   not	   be	   possible	   to	   constrain	   parameters.	   This	  will	   be	  
followed	  by	  a	  detailed	  examination	  of	  the	  location	  of	  the	  proton	  drip	  line,	  and	  a	  calculation	  of	  
isospin-‐mixing	   corrections	   Fermi	   transitions	   in	   fp-‐shell	   nuclei.	  We	  will	   also	   focus	   on	   a	   subtle	  
difference	   between	   two	   approaches	   to	   the	   radial	  wave	   function	   correction,	   Hartree-‐Fock	   vs.	  
Woods-‐Saxon	  and	  determine	  of	  the	  exchange	  is	  actually	  the	  source	  of	  the	  discrepancy	  between	  
the	  two	  methods.	  

Impact  
Our	   ab	   intiio	   investigation	   of	   collective	   resonances	   will	   examine	   features	   of	   light	   nuclei	   not	  
being	   investigated	   by	   other	   groups,	   and	   provides	   a	   new	   insight	   into	   the	   properties	   of	   light	  
nuclei.	   In	   particular,	   we	   demonstrated	   the	   ability	   of	   ab	   initio	   methods	   to	   describe	   dipole	  
response	   in	  nuclei,	   giving	   reasonable	  agreement	  with	  experimental	  data,	  especially	  when	   the	  
role	  of	  the	  neutron	  escape	  width	  was	  accounted	  for.	  In	  addition,	  the	  remarkable	  collectivity	  and	  
the	  validity	  of	  the	  Brink	  hypothesis	  within	  a	  fundamental	  framework	  was	  demonstrated.	  

The	  fp-‐shell	  study	  gives	  an	  updated	  look	  at	  Coulomb	  displacements	  that	  both	  probes	  the	  limits	  
of	   stability	   on	   the	   proton-‐rich	   side	   and	   can	   provide	   a	   different	   view	   of	   isospin-‐mixing	  
corrections	  for	  Fermi	  transitions	  in	  heavy	  nuclei	  than	  is	  currently	  being	  offered.	  This	  study	  also	  
provides	  a	  unique	  window	  into	  the	  properties	  of	  the	  NN	  interaction,	  in	  particular,	  the	  charge-‐
asymmetric	  and	  –dependent	  components.	  The	  surprising	  result	  is	  that	  three	  equally	  viable	  and	  
realistic	   NN	   interactions,	   which	   accurately	   reproduce	   the	   pp,	   nn,	   and	   pn	   scattering	   lengths,	  
each	   yield	   different	   Coulomb	   displacement	   energies	   at	   low	   spins,	   as	   demonstrated	   in	   the	   c-‐
coefficients	  in	  the	  isobaric	  mass	  multiplet	  formula.	   
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Accomplishments 

Continuum	  and	  three-‐nucleon	  force	  effects	  on	  the	  energy	  levels	  of	  9Be	  
Personnel	  involved:	  G.	  Hupin	  (postdoc)	  and	  S.	  Quaglioni	  

Collaborators:	  J.	  Langhammer,	  A.	  Calci,	  and	  Robert	  Roth	  (TU	  Darmstadt);	  P.	  Navrátil	  and	  A.	  Calci	  (TRIUMF)	  	  

The	   no-‐core	   shell	   model	   with	   continuum	   (NCSMC)	   is	   an	   ab	   initio	   approach	   for	   the	   unified	  
treatment	  of	  structure	  and	  reaction	  observables	  being	  developed	  in	  part	  under	  the	  support	  of	  
the	   present	   award.	   In	   this	   approach,	   square-‐integrable	   energy	   eigenstates	   of	   the	   A-‐nucleon	  
system	   are	   coupled	   to	   (A-‐a)+a	   target-‐plus-‐projectile	   wave	   functions	   to	   obtain	   an	   efficient	  
description	   of	   the	  many-‐body	   nuclear	   dynamics	   both	   at	   short	   and	  medium	   distances	   and	   at	  
long	  ranges.	  Compound,	  target	  and	  projectile	  energy	  eigenstates	  are	  all	  described	  within	  the	  ab	  
initio	  no-‐core	  shell	  model	  (NCSM).	  During	  the	  past	  reporting	  period,	  the	  NCSMC	  formalism	  for	  
nucleon-‐nucleus	  collisions	  was	  extended	  to	  include	  three-‐nucleon	  (3N)	  interactions	  in	  a	  general	  
framework	   applicable	   to	   targets	   heavier	   than	   4He.	   The	   extended	   approach	   allows	   for	   the	  
assessment	  of	  effects	  of	  continuum	  degrees	  of	  freedom	  as	  well	  as	  of	  the	  3N	  force	  in	  ab	  initio	  
calculations	   of	   structure	   and	   reaction	   observables	   of	   p-‐	   and	   lower-‐sd-‐shell	   nuclei.	   The	   first	  
application	  concerned	  the	  energy	  levels	  of	  the	  9Be	  system	  for	  which	  all	  excited	  states	  lie	  above	  
the	   n+8Be	   threshold.	   As	   can	   be	   seen	   in	   Fig.	   1,	   for	   all	   energy	   levels	   the	   inclusion	   of	   the	  
continuum	  degrees	  of	   freedom	  significantly	   improved	   the	  agreement	  with	  experiment,	  which	  
was	  an	   issue	   in	  standard	  NCSM	  calculations	   in	  which	  resonances	  are	  treated	  as	  bound	  states.	  
Furthermore,	   we	   found	   the	   proper	   treatment	   of	   the	   continuum	   indispensable	   for	   reliable	  
statements	  about	  the	  quality	  of	  the	  adopted	  3N	  interaction	  from	  chiral	  effective	  field	  theory.	  In	  
particular,	   we	   found	   the	   1/2+	   resonance	   energy,	   which	   is	   of	   astrophysical	   interest,	   in	   good	  
agreement	  with	   experiment. This	  work	  was	   published	   as	   a	   Rapid	   Communication	   in	   Physical	  

 

Figure 1 Computed low-lying energy spectrum of 9Be (a) negative- and (b) positive-parity states compared to 
experiment. Here Ekin indicates the center-of-mass energy with respect to the 8Be+n threshold. 
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Review	  C.[3]	  The	  newly	  developed	  framework	   is	  now	  being	  applied	  to	  the	  study	  of	   the	  energy	  
levels	  of	  the	  11Be	  halo	  nucleus,	  and	  its	  photodissociation	  into	  n+10Be	  as	  well	  as	  the	  9Be(γ,n)8Be	  
reaction.	  

	  

Unified	  description	  of	   6Li	   structure	  and	  deuteron-‐4He	  scattering	  with	  chiral	   two-‐	  and	  three-‐
nucleon	  forces	  
Personnel	  involved:	  G.	  Hupin	  (postdoc)	  and	  S.	  Quaglioni	  

Collaborators:	  P.	  Navrátil	  (TRIUMF)	  

During	  the	  past	  reporting	  period	  we	  also	  completed	  and	  published	  in	  Physical	  Review	  Letters[2]	  
the	   most	   advanced	   ab	   initio	   study	   of	   the	   6Li	   ground	   state	   and	   d-‐4He	   dynamics,	   using	   chiral	  
NN+3N	   forces.	   The	   inclusion	   of	   continuum	   degrees	   of	   freedom	   was	   essential	   for	   a	   true	  
understanding	  of	  a	  nucleus	  with	  low	  breakup	  threshold	  such	  as	  6Li,	  the	  ground	  state	  of	  which	  
lies	   only	   1.47	   MeV	   (compared	   to	   its	   absolute	   energy	   of	   nearly	   32	   MeV)	   below	   the	   4He+d	  
separation	  energy.	  In	  particular,	  we	  solved	  the	  outstanding	  problem	  of	  the	  6Li	  asymptotic	  D-‐	  to	  
S-‐state	  ratio	  in	  d+α	  configuration.	  Contrary	  to	  the	  lighter	  nuclei,	  this	  ratio	  was	  still	  uncertain	  for	  
6Li,	  with	  different	  determinations	  disagreeing	  even	  as	  to	   its	  sign.	   In	  addition,	  we	  achieved	  for	  
the	  first	  time	  a	  proper	  treatment	  of	  the	  d-‐4He	  elastic	  cross	  sections	  (see	  Fig.	  2)	  using	  realistic	  
NN+3N	   interactions,	  and	   found	  good	  agreement	   (in	  particular	  at	   low	  energy)	  with	  deuterium	  
backscattering	   and	   recoil	   cross	   section	   data.	   The	   overestimation	   by	   about	   350	   keV	   of	   the	  
position	  of	  the	  3+	  resonance,	  which	  can	  be	  seen	  in	  Figs.	  2a	  and	  2b,	  is	  an	  indication	  of	  remaining	  
deficiencies	  of	   the	  Hamiltonian	  employed	  here.	   This	  work	   set	   the	   stage	   for	   the	   first	   ab	   initio	  
study	  of	  the	  2H(α,γ)6Li	  radiative	  capture,	  responsible	  for	  the	  Big-‐Bang	  nucleosynthesis	  of	  6Li,	  as	  
well	   as	   the	   calculation	   of	   6Li	   ground-‐state	   properties	   including	   the	   effects	   of	   the	   continuum	  
degrees	  of	  freedom.	  	  

	  

 

Figure 2 Computed (a) 2H(a,d)4He laboratory-frame and (b) 4He(d,d)4He center-of-mass frame angular 
differential cross sections (lines) using chiral NN+3N interactions as a function of the laboratory helium (Eα) and 
deuteron (Ed) incident energies, compared with data (symbols). In panel (c), calculated (lines) and measured 
(symbols) center-of-mass angular distributions at Ed = 2.93,6.96, 8.97 are scaled by a factor of 20,5,2, and 1, 
respectively. 
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Operator	  evolution	  for	  electric	  dipole	  transitions	  in	  4He	  
Personnel	  involved:	  M.	  D.	  Schuster	  (Summer	  Ph.D.	  Student),	  S.	  Quaglioni	  

Collaborators:	  C.	  Johnson	  (SDSU),	  E.	  D.	  Jurgneson	  (LLNL),	  and	  P.	  Navrátil	  (TRIUMF)	  

Success	  in	  the	  ab	  initio	  description	  of	  light-‐nucleus	  reactions	  has	  been	  made	  possible	  in	  part	  by	  
the	  development	  of	  modern	  effective	  interaction	  theory,	  where	  the	  size	  of	  the	  model	  space	  
required	  for	  an	  accurate	  solution	  of	  the	  many-‐body	  problem	  is	  substantially	  reduced	  by	  means	  
of	  unitary	  transformations	  of	  the	  nuclear	  Hamiltonian.	  In	  particular,	  in	  our	  calculations	  we	  use	  
similarity-‐renormalization	  group	  or	  SRG	  evolved	  two-‐	  and	  three-‐body	  forces.	  However,	  caution	  
has	  to	  be	  taken	  when	  these	  interactions	  are	  used	  to	  describe,	  e.g.,	  perturbation-‐induced	  
reactions,	  where	  the	  cross	  section	  is	  a	  continuous	  observable	  depending	  on	  matrix	  elements	  of	  
external	  transition	  operators	  between	  initial	  and	  final	  states.	  Indeed,	  for	  a	  fully	  consistent	  
calculation	  the	  same	  unitary	  transformation	  applied	  to	  the	  Hamiltonian	  should	  be	  applied	  to	  
any	  external	  operator,	  and	  –	  as	  for	  the	  Hamiltonian	  –	  this	  generates	  induced	  many-‐body	  terms.	  	  

In	  particular,	  a	  general	  description	  of	  observables	  requires	  the	  ability	  to	  evolve,	  and	  embed	  in	  
finite	  nuclei,	  nonscalar	  operators	  such	  as,	  e.g.,	  the	  electric	  dipole.	  Further,	  more	  work	  is	  needed	  
to	   accurately	   asses	   the	   consistency	   of	   the	   SRG	   approach	   for	   the	   description	   of	   continuum	  
observables.	  Staring	  from	  an	  initial	  NN+3N	  Hamiltonian	  from	  chiral	  effective	  field	  theory,	  during	  
the	  current	  reporting	  period	  we	  applied	  the	  SRG	  approach	  to	  compute	  the	  4He	  photoabsorption	  
cross	   section	   and	   electric	   dipole	   polarizability.	   	   All	   induced	   forces	   up	   to	   the	   three-‐body	   level	  
were	   retained	   in	   the	   transformed	   Hamiltonian,	   while	   the	   leading	   electric	   dipole	   transition	  
operator	  was	  determined	  (for	  the	  first	  time)	  by	  evolution	  in	  the	  A	  =	  2	  system.	  All	  calculations	  
were	  performed	  within	  the	  NCSM	  working	  with	  translational	  invariant	  harmonic	  oscillator	  (HO)	  
basis	  states.	  The	  photoabsorption	  cross	  section	  was	  computed	  by	  means	  of	  the	  Lorentz	  integral	  

Figure 3 Dependence (represented as the width of the bands) on the variation of λ between 1.8 and 3.0 fm-1 of 
the 4He photo-absorption cross section as a function of the photon energy ω, using the NN+3N-induced (dashed 
contours) and NN+3N (solid contours) wave functions.  Calculations were obtained with: (a) the bare dipole 
operator;  (b) the two-body (2B) evolved dipole operator; and (c) rescaling the 2B evolved results by the total 
dipole strength evolved in the three-nucleon space (3B rescaled operator*). 
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transform	  (LIT)	  method,1	  while	  the	  electric	  polarizability	  is	  obtained	  using	  the	  Lanczos-‐moment	  
method.2	  This	  techniques	  allowed	  us	  to	  bypass	  the	  direct	  calculation	  of	  scattering	  states	  and	  to	  
work	  only	  with	  square-‐integrable	  basis	  states.	  As	  shown	  in	  Fig.	  3,	  when	  using	  the	  bare	  dipole	  
operator	   there	   is	   a	   clear	   dependence	   of	   the	   cross	   section	   on	   the	   SRG	   resolution	   scale	   λ.	  
Further,	  this	  spread	  is	  comparable	  to	  the	  contribution	  coming	  from	  the	  inclusion	  of	  the	   initial	  
chiral	   3N	   force	   into	   the	  Hamiltonian.	   	  When	  we	   evolve	   the	   dipole	   operator	   in	   the	   two-‐body	  
space,	  the	  spread	  in	  the	  cross	  section	  is	  a	  factor	  of	  three	  tighter,	  and	  the	  effect	  of	  the	  inclusion	  
of	  the	  initial	  chiral	  3N	  force	  can	  be	  clearly	  singled	  out.	  While	  for	  the	  time	  being	  the	  evolution	  of	  
the	   non-‐scalar	   electric	   dipole	   operator	   has	   been	   performed	   only	   in	   the	   two-‐nucloen	   space,	  
three-‐body	  induced	  terms	  of	  the	  transition	  operator	  can	  be	  partly	  taken	  into	  account	  by	  further	  
rescaling	   the	   cross	   section	   with	   the	   three-‐body	   evolved	   total	   dipole	   strength	   (3B	   rescaled	  
operator*).	  The	  result	  of	  this	  operation,	  is	  mainly	  an	  overall	  small	  reduction	  of	  all	  curves,	  and	  a	  
very	   minor	   narrowing	   of	   the	   spread	   in	   λ.	   The	   remaining	   dependence	   is	   due	   to	   four-‐body	  
induced	  SRG	  terms	  and	  from	  missing	  three-‐body	  induced	  dipole	  operator	  terms.	  This	  study	  has	  
been	  published	  in	  Physical	  Review	  C.[1]	  

                                                
1	  S.	  Quaglioni	  and	  P.Navrátil,	  Phys.	  Lett.	  B	  652,	  370	  (2007).	  
2	  I.	  Stetcu,	  S.	  Quaglioni,	  J.	  L.	  Friar,	  A.	  C.	  Hayes,	  and	  Petr	  Navrátil,	  Phys.	  Rev.	  C	  79,	  064001	  (2009)	  
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Meeting	  of	  the	  APS	  Division	  of	  Nuclear	  Physics	  and	  the	  Physical	  Society	  of	  Japan,	  Waikoloa	  
HI,	  October	  7-‐11,	  2014.	  

9. “Operator	  evolution	  for	  ab	  initio	  theory	  of	  light	  nuclei”,	  by	  M.	  D.	  Schuster,	  Mini-‐Symposium	  
on	  Three	  Nucleon	  Forces	  from	  Few	  to	  Heavier	  Nucleon	  Systems,	  4th	  Joint	  Meeting	  of	  the	  
APS	  Division	  of	  Nuclear	  Physics	  and	  the	  Physical	  Society	  of	  Japan,	  Waikoloa	  HI,	  October	  7-‐
11,	  2014.	  
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Additional Information  

Plans	  for	  next	  budget	  period	  

Besides	  completing	  and	  publishing	  ongoing	  work,	  in	  the	  next	  budget	  period	  we	  plan	  to	  apply	  
recently	  developed	  NCSMC	  formalism	  and	  codes	  for	  the	  description	  of	  nucleon-‐	  and	  deuteron-‐
nucleus	  dynamics	  and	  study:	  the	  effect	  of	  3N	  forces	  and	  continuum	  correlations	  on	  6Li	  ground	  
state	  properties	  (root-‐mean-‐square	  radius,	  electric	  quadrupole	  moment,	  charge	  form	  factor);	  
the	  2H(α,γ)6Li	  radiative	  capture	  responsible	  for	  the	  big-‐bang	  nucleosynthesis	  of	  6Li;	  and	  the	  
4He(N,N’γ)4He	  and	  3H(d,nγ)4He	  	  bremsstrahlung	  processes.	  In	  addition,	  we	  plan	  calculations	  of	  
3H-‐3H	  and	  3He-‐3He	  scattering	  (the	  entrance	  channels	  of	  the	  3H-‐3H	  and	  3He-‐3He	  fusion,	  
respectively),	  and	  of	  three-‐cluster	  dynamics	  with	  core-‐excitation	  and	  3N-‐force	  effects	  to	  study	  
the	  low-‐lying	  spectrum	  of	  6He	  and	  other	  three-‐cluster	  systems,	  as	  well	  as	  the	  6He(γ,2n)4He	  
photodissotiation.	  Finally,	  we	  plan	  further	  studies	  on	  the	  SRG	  evolution	  of	  transition	  operators,	  
particularly	  in	  the	  context	  of	  neutrinoless	  double	  beta	  decay.	  

Changes	  in	  personnel	  

Postdoctoral	   Researcher	   Guillaume	   Hupin	   left	   Lawrence	   Livermore	   National	   Laboratory	   on	  
August	  1st,	  2014.	  He	  is	  currently	  at	  the	  Institut	  de	  Physique	  Nucléaire,	   IN2P3-‐CNRS,	  Université	  
Paris-‐Sud,	   F-‐91406	  Orsay	   Cedex,	   France.	   He	   is	   expected	   to	   fill	   a	   postdoctoral	   position	   at	   the	  
French	   laboratory	   CEA/DAM	   Ile	   De	   France,	   Bruyères-‐le-‐Châtel.	   	   Postdoctoral	   researcher	  
Carolina	   Romero-‐Redondo	   has	   been	   hired	   to	   fill	   the	   position	   left	   vacant,	   and	   started	   on	  
September	   2nd,	   2014.	   This	   change	   of	   personnel	   had	   some	   repercussions	   on	   the	   activities	  
planned	   for	   the	   current	   budget	   period.	   	   In	   particular,	   publishing	   the	   results	   accumulated	   by	  
Hupin	  became	  a	  priority,	  and	  the	  arrival	  of	  Romero-‐Redondo	  at	  the	  laboratory	  was	  delayed	  due	  
to	  an	  unexpected	  lengthy	  process	  to	  acquire	  the	  required	  J1	  visa.	  

Service	  
• Reviewer	  for	  DOE	  Office	  of	  Science	  (Nuclear	  Theory)	  
• Reviewer	  for	  NSF	  (Nuclear	  Theory)	  
• Continuing	  Member	  of	  INT	  National	  Advisory	  Committee	  
• Continuing	  Member	  of	  INT	  Director	  Search	  Committee	  
• Continuing	  Member	  of	  the	  FRIB	  Theory	  User	  Group	  Executive	  Commmittee	  

	  
Impact  

A	   successful	   completion	   of	   this	   project	   will	   result	   in	   improved	   accuracy	   of	   the	   3He(α,γ)7Be	  
reaction	   rate	   and	   consequently,	   in	   enhancement	   of	   the	   predictive	   capability	   of	   the	   standard	  
solar	  model.	   In	   addition,	   we	  will	   study	   also	   the	  mirror	   reaction	   3H(α,γ)7Li	   and	   the	   2H(α,γ)6Li	  
radiative	   capture	   (respectively	   key	   reactions	   for	   the	  production	  of	   7Li	   and	   6Li	   in	   the	   standard	  
Big-‐Bang	   nucleosynthesis),	   and	   the	   spectroscopy	   of	   the	   5H,	   6He,	   and	   11Li	   nuclei.	   The	   first	   ab	  
initio	  calculation	  of	  the	  6He	  photodissociation	  and	  investigation	  of	  the	  soft-‐dipole	  excitation	  of	  
this	   nucleus	   will	   also	   be	   achieved	   as	   part	   of	   next	   year	   project.	   Finally,	   we	   will	   study	   the	  
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4He(N,N’γ)4He	  and	  3H(d,nγ)4He	  bremsstrahlung	  processes	  and	  the	  entrance	  channel	  of	  the	  3H-‐3H	  
fusion,	  important	  for	  fusion	  energy	  research. 

 

Participants 

Project	  Personnel	  	  

• S.	  Quaglioni,	  PI	  
• C.	  Romero-‐Redondo,	  Postdoctoral	  Researcher	  

External	  Visitors	  

• Prof.	  Christian	  Forssen	  (Chalmers	  University	  of	  Technology)	  visited	  S.	  Quaglioni	  and	  the	  
LLNL	  Nuclear	  Data	  and	  Theory	  Group	  on	  June	  11-‐12,	  2015.	  	  

• Postdoctoral	  Researcher	  Jeremy	  Dohet-‐Eraly	  (TRIUMF)	  visited	  Dr.	  Quaglioni	  and	  the	  
LLNL	  Nuclear	  Data	  and	  Theory	  Group,	  supported	  in	  part	  from	  this	  project,	  on	  June	  15-‐
26,	  2015.	  	  

Collaborators	  
These	  collaborators	  contributed	  to	  our	  project,	  but	  were	  not	  funded	  by	  this	  grant:	  

• Dr.	  P.	  Navrátil	  (TRIUMF)	  
• Postdoctoral	  Researchers	  A.	  Calci,	  F.	  Raimondi,	  and	  J.	  Dohet-‐Eraly	  (TRIUMF)	  	  	  
• Dr.	  R.	  Roth	  (TU	  Darmstadt)	  
• Dr.	  C.	  Johnson	  (SDSU)	  

	  

Student Tracking Information 

	  

Micah	  Schuster	  has	  been	  an	  intern	  within	  the	  LLNL	  Computation	  Directorate	  Scholar	  Program,	  
supported	  by	  this	  project	  during	  the	  summers	  of	  FY12,	  FY13,	  and	  FY14.	  Shuster	  graduated	  from	  
at	  Claremont	  Graduate	  University	  and	  San	  Diego	  State	  University	  in	  June	  2015,	  and	  a	  large	  
portion	  of	  his	  thesis	  stemmed	  from	  the	  research	  he	  performed	  under	  this	  project,	  which	  also	  
yielded	  three	  journal	  articles.	  Several	  universities	  and	  national	  laboratories	  have	  interviewed	  

Student Date Entered 
Grad. School 

Date Joined 
Group 

Degree 
Program 

Date Degree  Advisor 

M. Schuster Aug, 2007 May-Aug, 
2012, 2013, 
2014  

Ph.D. June 2015 C. Johnson 
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him,	  resulting	  in	  multiple	  job	  offers.	  He	  accepted	  a	  distinguished	  postdoc	  position	  at	  the	  Oak	  
Ridge	  National	  Laboratory’s	  National	  Center	  for	  Computational	  Sciences.	  
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Accomplishments 

Optimization	  of	  energy	  density	   functionals:	   In	  collaboration	  with	  ANL	  and	  MSU,	  we	   finalized	  
the	  UNEDF2	  parameterization	  of	  the	  full	  Skyrme	  functional,	  with	  tensor	  terms	  included:	  adding	  
constraints	  on	  shell	  structure	  degrades	  the	  quality	  of	  the	  functional	  and	  justifies	  moving	  on	  to	  
novel	  energy	  functionals	  based	  on	  the	  density	  matrix	  expansion	  (DME)	  of	  chiral	  effective	  field	  
theory	  potentials.	  We	  used	  the	  POUNDerS	  optimization	  algorithm	  for	  this	  optimization	  and	  for	  
sensitivity	   analysis	   studies.	   	   We	   performed	   a	   pre-‐fit	   of	   DME	   functionals	   to	   analyze	   the	  
parameter	   space	   and	   prepare	   for	   the	   full	   optimization.	   	  We	   completed	   several	   performance	  
improvements	  to	  these	  EDF	  codes	  and	  completed	  a	  systematic	  validation/benchmarking	  of	  new	  
codes	  in	  a	  POUNDerS	  optimization	  workflow.	  These	  results	  showed	  that	  the	  solutions	  found	  by	  
POUNDerS	  for	  the	  UNEDF0,	  UNEDF1,	  and	  UNEDF2	  functionals	  tend	  to	  be	  robust	  to	  the	  starting	  
point	  employed.	  We	  also	  instituted	  a	  new	  data/code	  sharing	  mechanism	  for	  NUCLEI	  EDF	  codes	  
to	  better	   facilitate	  such	  validation	   in	   light	  of	   the	  hybrid	  MPI+OpenMP	  parallelism	   increasingly	  
employed 

  

Bayesian	   methods	   for	   uncertainty	   quantification	   and	   propagation:	   Using	   the	   QUEST	   code	  
GPMSA,	  we	  performed	  a	  Bayesian	  model	  calibration	  of	  nuclear	  DFT	   to	  assess	   the	  uncertainty	  
inherent	   to	   the	   theory's	   coupling	   constants	   and	   to	   evaluate	   the	   impact	   on	   these	   coupling	  
constants	  of	  recent	  nuclear	  mass	  measurements	  performed	  at	  the	  CARIBU	  facility	  at	  Argonne	  
National	   Laboratory.	  Using	  Titan,	  we	  built	  an	  emulator	  of	   the	  nuclear	  EDF	   that	  allowed	  us	   to	  
extract	  posterior	  probability	  distributions	  of	  the	  EDF	  coupling	  constants.	  Bayesian	  uncertainties	  
in	   model	   predictions	   for	   masses	   were	   in	   good	   agreement	   with	   previous	   estimates	   from	  
covariance	   analysis.	   The	   new	   framework	   allowed	   us	   to	   propagate	   model	   uncertainties	   to	  

Figure 2 – Comparison between the two-neutron 
dripline predictions made with UNEDF1 (sold 
line in blue) and those made with the refit 
UNEDF1CPT (dashed line in red). The 90% 
probability spread about the UNEDF1 
predictions is shown in gray. 

Figure 1 - Fission barriers in 240Pu with the UNEDF1 
functional (blue), a refit of UNEDF1 using newly-
measured masses in neutron-rich nuclei with the 
Canadian Penning Trap (CPT) at ANL (red). The gray 
band represents the 90% confidence level coming from 
the Bayesian analysis. 
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predictions	  of	  fission	  barriers	  and	  the	  two-‐neutron	  dripline.	  This	  work	  was	  done	  in	  collaboration	  
with	  LANL,	  ANL	  and	  MSU.	  	  

Description	  of	  neutron-‐induced	  fission	  at	  Finite	  Temperature:	  We	  developed	  a	  framework	  to	  
describe	  neutron-‐induced	  fission	  as	  a	  function	  of	  the	  excitation	  energy	  of	  the	  incident	  neutron.	  
To	  account	  for	  the	  excitation	  energy	  of	  the	  compound	  nucleus,	  we	  used	  finite-‐temperature	  DFT	  
with	  Skyrme	  energy	  densities.	  We	  benchmarked	  our	  approach	  on	  the	  fission	  of	  239Pu(n,f).	  We	  
computed	  potential	  energy	  surfaces	  with	  up	  to	  five	  collective	  variables;	  quantified	  the	  impact	  
of	  the	  triaxiality	  degree	  of	  freedom	  both	  near	  the	  fission	  barriers	  and	  at	  scission;	  computed	  the	  
least-‐energy	   fission	   pathway	   as	   a	   function	   of	   the	   nuclear	   temperature	   and	   predicted	   the	  
evolution	  of	  both	  the	  inner	  and	  outer	  fission	  barriers	  as	  a	  function	  of	  incident	  neutron	  energy.	  
We	  also	  proved	  that	  the	  concept	  of	  quantum	  localization	  introduced	  to	  describe	  well-‐separated	  
fission	   fragments	   could	   be	   extended	   to	   T>0,	   and	   we	   applied	   this	   method	   to	   compute	   the	  
interaction	   energy	   and	   total	   kinetic	   energy	   of	   fission	   fragments	   as	   a	   function	   of	   the	  
temperature	  for	  the	  most	  probable	  fission.	  
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Additional	  Information	  	  

Plans	  for	  next	  budget	  period	  

We	  plan	  to	  apply	  our	  optimization	  framework	  based	  on	  POUNDerS	  to	  the	  optimization	  of	  EDFs	  
derived	  from	  the	  DME	  of	  chiral	  effective	  potentials.	  These	  functionals	  incorporate	  pion	  physics	  
into	  effective	  energy	  densities	  and	  provide	  a	  handle	  to	  study	  three-‐body	  forces	  in	  heavy	  nuclei.	  
Since	  the	  DME-‐based	  EDF	  have	  a	  much	  richer	  structure	  than	  simple	  Skyrme	  functionals,	  we	  will	  
use	   our	   Bayesian	   UQ	   package	   to	   perform	   a	   rigorous	   study	   of	   uncertainties	   and	   how	   they	  
propagate	  in	  model	  predictions.	  This	  work	  will	  be	  led	  by	  our	  new	  PD,	  Rodrigo	  Navarro-‐Perez,	  in	  
collaboration	  with	  MSU	  and	  OSU.	   In	  the	  area	  of	  fission	  research,	  the	  LLNL	  group	  (N.	  Schunck)	  
will	   also	   be	   involved	   in	   the	   use	   of	   our	   new	   UNEDF1-‐HFB	   functional	   to	   generate	   realistic	  
potential	  energy	  surfaces	  in	  actinides	  and	  the	  generalization	  of	  the	  cranking	  approximation	  to	  
the	  ATDHFB	  inertia	  at	  finite	  temperatures,	  in	  collaboration	  with	  MSU.	  

LLNL	  leads	  the	  code	  development	  effort	  of	  the	  NUCLEI	  collaboration.	  We	  anticipate	  releasing	  a	  
new	  version	  of	  our	  main	  DFT	  solver	  HFODD	  near	  the	  end	  of	  Year	  3	  (at	  the	  time	  of	  this	  progress	  
report	   the	   draft	   is	   in	   preparation).	   This	   new	   release	  will	   contain	   several	  major	   new	   features	  
such	  as	   the	   implementation	  of	   functionals	  of	   the	  non-‐local	   one-‐body	  density	   (Gogny-‐type),	   a	  
fission	   toolkit	   to	   compute	   fission	   fragment	   properties	   and	   total	   kinetic	   energies,	   particle	  
number	   projection,	   etc.	   Work	   is	   also	   under	   way	   to	   implement	   GPU-‐based	   acceleration	   in	  
HFODD.	  

Changes	  in	  Personnel	  	  

We	   hired	   Rodrigo	   Navarro-‐Perez	   as	   PD	   in	   March	   2015.	   Rodrigo	   will	   be	   in	   charge	   of	   the	  
optimization	  and	  uncertainty	  quantification	  of	  DME	  functionals,	   including	  the	  modifications	  of	  
the	  DFT	  solver	  HFBTHO.	  

Impact	  

LLNL	  work	   on	  uncertainty	   quantification	  will	   have	   a	   significant	   impact	   for	   current	   and	   future	  
campaigns	  at	  experimental	   facilities.	  For	   the	   first	   time,	  we	  can	  provide	   rigorous	  error	  bars	  of	  
theoretical	  calculations	  of	  very	  neutron-‐rich	  or	  superheavy	  elements.	  This	  will	  help	  guide	  future	  
experimental	   efforts.	   We	   are	   also	   planning	   to	   apply	   the	   methods	   developed	   in	   this	  
collaboration	  to	  the	  quantification	  of	  uncertainties	  in	  the	  calculation	  of	  fission	  fragment	  yields	  
for	  neutron-‐induced	  fission,	  which	  is	  an	  important	  component	  of	  the	  stockpile	  science	  program	  
of	  the	  NNSA.	  

Participants	  

Nicolas	   Schunck	   is	   a	   research	   staff	   funded	   at	   25%	   by	   the	   NUCLEI	   collaboration.	   Rodrigo	  
Navarro-‐Perez	  is	  a	  new	  postdoctoral	  research	  associate	  funded	  at	  75%	  by	  NUCLEI.	  	  
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Accomplishments 

This	  year	  I	  completed	  a	  paper	  studying	  shadowing	  (nuclear	  modifications	  of	  the	  parton	  
densities)	  effects	  on	  quarkonium	  production	  in	  p+Pb	  collisions	  at	  center-‐of-‐mass	  energy	  of	  5	  
TeV	  in	  detail.	  	  	  

The	  ALICE	  and	  LHCb	  Collaborations	  have	  presented	  their	  results	  for	  J/ψ	  and	  Y	  production	  in	  two	  
forms:	  the	  nuclear	  suppression	  factor,	  RpPb,	  and	  the	  forward-‐backward	  ratio,	  RFB,	  both	  as	  
functions	  of	  transverse	  momentum,	  pT,	  and	  rapidity,	  y.	  	  The	  suppression	  factor,	  available	  as	  a	  
function	  of	  pT	  at	  forward,	  backward,	  and	  midrapidity,	  requires	  some	  interpolation	  to	  get	  the	  
p+p	  denominator	  while	  the	  forward-‐backward	  ratio	  does	  not.	  	  The	  latter	  ratio	  also	  reduces	  the	  
systematic	  uncertainties	  without	  introducing	  additional	  uncertainties	  due	  to	  the	  unknown	  p+p	  
cross	  sections.	  	  These	  two	  experiments	  are	  rather	  unique	  in	  the	  fact	  that	  they	  are	  asymmetric	  
around	  the	  collision	  point	  (y	  =	  0	  for	  symmetric	  systems	  such	  a	  p+p	  or	  Pb+Pb):	  their	  muon	  
detectors	  are	  only	  on	  one	  side	  of	  the	  collision	  point	  so	  they	  have	  to	  study	  forward	  rapidity	  with	  
p+A	  runs	  (with	  the	  proton	  moving	  toward	  forward	  rapidity)	  and	  backward	  rapidity	  with	  A+p	  
runs	  (now	  the	  nuclear	  beam	  moves	  toward	  forward	  rapidity).	  	  Thus	  the	  LHC	  had	  to	  switch	  beam	  
directions	  to	  study	  medium	  effects	  at	  both	  forward	  and	  backward	  rapidities.	  	  	  In	  addition,	  the	  
requirement	  of	  the	  equal	  speed	  frame	  for	  the	  LHC	  results	  in	  a	  shift	  ∆y	  =	  0.46	  in	  the	  direction	  of	  
the	  proton	  beam	  which	  has	  to	  be	  taken	  into	  account.	  	  ALICE	  also	  has	  coverage	  at	  midrapidity	  
but	  they	  do	  not	  have	  continuous	  coverage	  over	  all	  rapidities,	  there	  is	  a	  gap	  of	  around	  one	  unit	  
between	  the	  central	  electron	  coverage	  and	  the	  forward	  muon	  coverage.	  	  LHCb	  has	  only	  forward	  
detectors,	  none	  at	  midrapidity.	  	  The	  larger	  collider	  detectors,	  ATLAS	  and	  CMS,	  are	  also	  
presenting	  data	  at	  midrapidity	  now,	  after	  my	  paper	  was	  finished,	  but	  cannot	  get	  down	  to	  pT	  =	  0	  
for	  the	  J/ψ due	  to	  their	  large	  magnetic	  fields.	  	  Since	  their	  data	  was	  not	  yet	  available,	  my	  paper	  
contains	  no	  direct	  comparison	  to	  their	  preliminary	  data.	  	  I	  am,	  however,	  in	  contact	  with	  them	  to	  
provide	  appropriate	  calculations.	  

In	  the	  paper,	  fully	  next-‐to-‐leading	  order	  calculations	  of	  quarkonium	  production	  are	  made	  in	  the	  
color	  evaporation	  model.	  	  For	  the	  first	  time,	  the	  pT	  dependence	  is	  also	  included,	  unlike	  the	  
leading	  order	  predictions	  made	  previously.	  	  Systematic	  calculations	  are	  made	  and	  compared	  to	  
data.	  	  First,	  I	  compare	  the	  pT	  and	  y	  dependence	  of	  production	  in	  p+p	  collisions	  for	  different	  
proton	  parton	  distribution	  functions	  (PDFs).	  	  Then	  I	  compare	  results	  in	  p+Pb	  collisions	  with	  the	  
EPS09	  NLO	  shadowing	  parameterization	  calculated	  with	  the	  same	  proton	  PDFs.	  It	  is	  clear	  that,	  
even	  if	  the	  individual	  distributions	  are	  quite	  different,	  the	  shadowing	  ratios	  are	  nearly	  identical.	  	  
This	  was	  done	  only	  for	  selected	  distributions.	  	  The	  other	  calculations,	  for	  both	  J/ψ	  and	  Y,	  are	  
presented	  for	  RpPb(pT)	  in	  the	  three	  different	  rapidity	  regions	  covered	  by	  ALICE	  and	  RpPb(y)	  as	  
well	  as	  RFB(pT)	  and	  RFB(y).	  	  I	  then	  show	  the	  measurements	  compared	  to	  the	  EPS09	  NLO	  
uncertainty	  bands.	  Next,	  the	  leading	  and	  next-‐to-‐leading	  order	  shadowing	  results	  of	  EPS09	  and	  
nDS	  are	  compared	  and	  contrasted.	  	  These	  results	  show	  that	  there	  is	  an	  inconsistency	  in	  the	  
EPS09	  LO	  and	  NLO	  sets	  that	  stems	  from	  the	  dependence	  of	  the	  underlying	  proton	  PDFs	  on	  
momentum	  fraction	  x.	  	  Since	  the	  nDS	  sets	  are	  based	  on	  proton	  PDFs	  with	  the	  same	  low	  x	  
behavior,	  they	  are	  consistent	  at	  LO	  and	  NLO,	  see	  Fig.	  1.	  	  Calculations	  employing	  various	  other	  
nPDF	  sets	  are	  compared	  to	  the	  data	  and	  each	  other.	  The	  mass	  and	  scale	  uncertainties	  on	  the	  
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central	  EPS09	  set	  are	  compared	  to	  the	  uncertainties	  in	  the	  shadowing	  parameterizations	  
themselves.	  	  The	  magnitudes	  of	  these	  uncertainties	  depend	  on	  how	  they	  are	  calculated,	  e.g.	  
forming	  the	  ratio	  RpPb	  or	  RFB	  first	  underestimates	  the	  uncertainty.	  	  I	  also	  show	  that	  the	  A+A	  
suppression	  factor	  can	  be	  reproduced	  by	  the	  product	  of	  the	  p+A	  and	  A+p	  suppression	  factors.	  
Finally,	  the	  EPS09	  NLO	  results	  for	  RHIC	  kinematics	  are	  also	  shown.	  	  It	  seems	  that	  the	  data	  are,	  in	  
general,	  best	  reproduced	  by	  the	  oldest	  set	  employed,	  the	  EKS98	  nPDFs,	  even	  though	  these	  are	  
LO	  only	  and	  should	  not	  really	  be	  used	  in	  a	  NLO	  calculation.	  	  The	  forward-‐backward	  ratio,	  a	  
better	  discriminator	  of	  the	  medium	  effects,	  is	  harder	  to	  reproduce	  for	  all	  the	  nPDFs.	  	  This	  
suggests	  that	  these	  and	  other	  low	  x	  and	  intermediate	  to	  high	  momentum	  transfer,	  Q2,	  data	  
from	  the	  LHC	  should	  be	  used	  to	  produce	  a	  new	  nPDF	  set	  that	  would	  be	  able	  to	  show	  whether	  or	  
not	  it	  was	  possible	  to	  make	  a	  new	  set	  that	  can	  still	  produce	  agreement	  with	  previous	  data	  while	  
also	  providing	  a	  description	  of	  the	  LHC	  data	  at	  lower	  x	  and	  higher	  Q2	  than	  previously	  available.	  

I	  also	  provided	  calculations	  and	  advice	  to	  P.	  Shukla	  and	  V.	  Kumar,	  previous	  coauthors,	  on	  a	  
paper	  on	  quarkonium	  suppression	  in	  Pb+Pb	  collisions	  at	  2.76	  TeV	  per	  nucleon.	  	  For	  this,	  as	  well	  
as	  for	  modifications	  of	  the	  text,	  I	  was	  made	  a	  coauthor.	  	  The	  paper	  has	  been	  accepted	  for	  
publication	  in	  Phys.	  Rev.	  C.	  

	  

Published	  or	  accepted	  papers	  

10. “Quarkonia	  suppression	  in	  Pb+Pb	  collisions	  at	  √sNN	  =	  2.76	  TeV”,	  by	  V.	  Kumar,	  P.	  Shukla	  and	  
R.	  Vogt,	  accepted	  for	  publication	  in	  Phys.	  Rev.	  C.	  

Submitted	  papers	  

1. “Shadowing	  Effects	  on	  J/ψ	  and	  Υ	  Production	  at	  the	  LHC”,	  by	  R.	  Vogt,	  arXiv:1507.04418	  [hep-‐
ph].	  
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Figure	  1:	  The	  EPS09	  central	  results,	  as	  well	  as	  the	  
uncertainty	  bands,	  are	  shown	  in	  (a)	  and	  (c).	  In	  all	  
cases,	  the	  solid	  red	  curve	  shows	  the	  central	  NLO	  
result	  while	  the	  dashed	  red	  curves	  delineate	  the	  NLO	  
uncertainty	  band.	  The	  dot-‐dashed	  blue	  curve	  is	  the	  
LO	  central	  result	  while	  the	  dotted	  curves	  outline	  the	  
LO	  uncertainty	  band.	  The	  nDS	  and	  nDSg	  results	  are	  
presented	  in	  (b)	  and	  (d).	  The	  red	  solid	  curves	  show	  
the	  NLO	  nDS	  result	  while	  the	  dashed	  red	  curves	  are	  
the	  nDSg	  results.	  The	  blue	  dot-‐dashed	  and	  dotted	  
curves	  show	  the	  nDS	  and	  nDSg	  LO	  results.	  (Top)	  The	  
LO	  (blue)	  and	  NLO	  (red)	  gluon	  shadowing	  
parameterizations.	  (Bottom)	  The	  calculated	  J/ψ	  
RpPb(y)	  compared	  to	  the	  ALICE	  and	  LHCb	  data.	  

	  

2
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Conference	  Presentations	  

5. “Cold	  Nuclear	  Matter	  Effects	  on	  Open	  and	  Hidden	  Heavy	  Flavor	  Production	  at	  the	  LHC”,	  
by	   R.	   Vogt,	   CHARM	   2015:	   The	   7th	   International	  Workshop	   on	   Charm	   Physics,	  Wayne	  
State	  University,	  Detroit,	  MI,	  May	  18-‐22,	  2015.	  	  

6. “Nuclear	  Modification	  of	  Quarkonium	  Production	  in	  p+Pb	  Collisions	  at	  the	  LHC”,	  by	  R.	  
Vogt,	  7th	  International	  Conference	  on	  Hard	  and	  Electromagnetic	  Probes	  of	  High-‐Energy	  
Nuclear	  Collisions,	  McGill	  University,	  Montreal,	  Canada,	  June	  29-‐July	  3,	  2015.	  Additional	  
Information	  	  

Participants	  

Plans	  for	  next	  budget	  period	  

	  In	  the	  remainder	  of	  this	  year	  and	  the	  next	  fiscal	  year,	  we	  will	  finish	  compiling	  updated	  
predictions	  for	  the	  LHC	  p+Pb	  run	  from	  2013.	  	  The	  updates	  are	  necessary	  since	  the	  predictions	  
may	  not	  have	  been	  for	  the	  same	  exact	  quantities	  or	  detector	  acceptances	  as	  the	  actual	  
experiments.	  	  For	  example,	  I	  had	  two	  different	  predictions	  of	  the	  charged	  particle	  
pseudorapidity	  distributions	  in	  a	  number	  of	  centrality	  bins.	  	  However,	  the	  centrality	  binning	  
used	  by	  the	  ATLAS	  Collaboration	  was	  quite	  different	  so	  I	  requested	  calculations	  in	  those	  same	  
bins.	  	  (These	  data	  have	  yet	  to	  be	  published	  and	  still	  exist	  only	  in	  preliminary	  form.)	  
 

I	  will	  also	  work	  on	  studying	  cold	  nuclear	  matter	  effects	  on	  open	  charm	  and	  bottom	  production.	  	  
This	  will	  include	  possible	  modifications	  of	  the	  fragmentation	  function	  and	  kT	  broadening	  in	  the	  
medium.	  	  There	  is	  D	  meson	  data	  from	  ALICE	  available	  for	  comparison.	  

Changes	  in	  Personnel	  	  

None	  
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Impact	  

The	  calculations	  in	  the	  paper	  recently	  submitted	  for	  publication	  have	  already	  been	  compared	  to	  
data	  from	  the	  ALICE	  and	  LHCb	  experiments	  and	  similar	  calculations	  with	  cuts	  specific	  to	  ATLAS	  
were	  presented	  at	  the	  Hard	  Probes	  conference	  in	  June.	  	  The	  CMS	  Collaboration	  has	  also	  asked	  
for	  calculations	  in	  their	  acceptance.	  	  Therefore	  this	  work	  is	  well	  known	  and	  will	  be	  shown	  in	  
many	  presentations	  by	  the	  experiments	  as	  well	  as	  in	  their	  papers.	  	  	  

I	  expect	  that	  the	  forthcoming	  paper	  comparing	  the	  predictions	  made	  before	  the	  LHC	  p+Pb	  run,	  
suitably	  updated	  to	  the	  acceptances	  and	  cuts	  of	  the	  experiments,	  will	  also	  have	  an	  impact	  on	  
the	  community.	  	  The	  original	  compilation	  of	  predictions	  already	  has	  more	  than	  100	  citations.	  

Participants	  

Ramona	  Vogt	  is	  a	  research	  staff	  member	  funded	  at	  5%	  by	  DOE.	  
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Accomplishments 

Nucleon	  Nucleon	  scattering	  phase	  shifts	  from	  Lattice	  QCD	  

The	  Lattice	  QCD	  (LQCD)	  program	  focuses	  on	  a	  direct	  calculation	  of	  the	  Nucleon	  Nucleon	  (NN)	  
phase	   shifts,	   as	   these	  observables	  are	   the	   link	   that	   can	  connect	   fundamental	  QCD	   to	  nuclear	  
effective	   theories	   (ET)	   such	   as	   HOBET	   (Harmonic	   Oscillator	   Basis	   Effective	   Theory).	   This	  
ET/LQCD	  marriage	   could	   lead	   to	  more	   effective	   uses	   of	   LQCD.	  Our	   proposed	   test	   case	   is	   the	  
parity-‐violating	   (PV)	   asymmetry	   in	   n	   +	   p	  →	   D	   +	   γ,	   where	  we	   intend	   to	   use	   precisely	   known	  
experimental	  phase	  shifts	  to	  fix	  all	  strong	  interaction	  parameters	  in	  HOBET,	  but	  LQCD	  to	  fix	  the	  
experimentally	  unknown	  PV	  coupling	  h1π.	  This	  marriage	  also	  may	  allow	  one	  to	  circumvent	  the	  
fermion	   sign	   problem	   that	   could	  make	   LQCD	  nuclear	   calculations	   increasingly	   difficult as	   the	  
baryon	   number	   A	   increases.	   HOBET	   has	   no	   sign	   problem,	   as	   it	   is	   constructed	   in	   an	   explicitly	  
antisymmetric	   basis.	   The	   HOBET/LQCD	   connection	   could	   also	   led	   to	   alternative	  methods	   for	  
extrapolating	   LQCD	   results	   to,	   for	   example,	   physical	   pion	  masses.	   In	   HOBET	   one	   has	   greater	  
control	  over	  both	  infra-‐red	  physics	  and	  pion-‐range	  physics.	  Thus	  it	  could	  be	  that	  extrapolations	  
done	  through	  HOBET	  might	  be	  less	  sensitive	  to	  lattice	  size,	  for	  example.	  

LQCD	  evaluation	  of	  strong	  and	  PV	  NN	  matrix	  elements	  is	  a	  multi-‐step	  project	  where	  every	  stage	  
is	   increasingly	   difficult.	   In	   this	   section,	   we	   describe	   our	   computational	   methods	   and	   the	  
achievements	  we	  have	  made	   to	   date.	  Our	   PV	  program	   focuses	   on	  h1π	   and	  h2ρ,	   the	   isotensor	  
coupling	  that	  constitutes	  the	  major	  uncertainty	  in	  the	  interpretation	  of	  the	  p	  +	  p	  asymmetry.	  

	  

	  
����Figure	  1:	  Spherical	  harmonics	  Y11(Ω)	  and	  Y31(Ω)	   in	  the	  continuum	  (a)	  and	  restricted	  to	  a	  cubic	  
grid	  (b).	  The	  colors	  encode	  the	  complex	  phase.	  

Sources:	  The	  PV	  matrix	  elements	  involve	  hadron	  pairs	  in	  the	  initial	  and	  final	  states.	  It	  has	  been	  
established	   that	   local	   quark	   interpolating	   fields	   are	   insufficient	   to	   couple	   to	   multi-‐hadron	  
states:	  a	  correct	  energy	  spectrum	  is	  obtained	  only	   in	  calculations	  with	  sophisticated	  non-‐local	  
multi-‐baryon	  operators.	  We	  have	  written	  a	  lightweight	  software	  suite	  optimized	  for	  two-‐baryon	  
systems,	   which	   sits	   on	   top	   of	   Chroma,	   a	   widely	   used	   LQCD	   software	   package	   developed	  
principally	  by	   the	   JLab/USQCD	  group.	  The	  code	  calculates	   two-‐baryon	  Wick	  contractions	  very	  
efficiently	   by	   using	   Fourier	   accelerated	   convolutions,	   sparse	   matrix-‐vector	   products,	   and	   an	  
efficient	   refactoring	  of	  parts	  of	   the	  calculation.	   	  Code	  performance	  was	  enhanced	  by	  utilizing	  
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GPU	  acceleration	  whenever	  possible.	  When	  compared	  to	  software	  used	  by	  other	  LQCD	  groups,	  
the	  code	  produces	  a	  speedup	  of	  about	  20.	  

We	  have	  also	  implemented	  code	  for	  calculating	  h2ρ.	  In	  order	  to	  cope	  with	  the	  large	  number	  of	  
Wick	   contractions	   (about	   2000	   diagrams	   in	   the	   case	   of	   degenerate	   light	   quark	   masses),	   we	  
developed	  an	  automated	  Mathematica	  generator.	   	  This	  script	   is	  written	   in	  a	  very	  general	  and	  
flexible	  way	  to	  enable	  us	  to	  quickly	  translate	  physics	  into	  code:	  using	  Wick	  contractions	  we	  can	  
transform	  an	  arbitrary	  set	  of	   fermionic	  operators	   (not	   restricted	   to	  baryons	  and	   four-‐fermion	  
operators)	   into	   tensor	   products	   of	   quark	   propagators,	   which	   can	   then	   be	   represented	   as	  
diagrams	  that	  a	  human	  can	  read.	  	  	  The	  expressions	  can	  be	  exported	  as	  optimized	  C++	  code	  that	  
can	  be	  hooked	   into	  our	  production	  software.	  Our	  software	  package	  will	  be	  made	  public	  once	  
our	  first	  set	  of	  papers	  is	  published.	  

Interpolating	   operators,	   initial	   calculations:	   LQCD	  NN	   calculations	   suffer	   from	   an	   exponential	  
degradation	  of	  the	  signal-‐to-‐noise	  ratio	  in	  Euclidian	  time.	  	  As	  this	  effect	  is	  much	  less	  severe	  in	  
calculations	  with	  heavy	  pion	  masses,	  our	  exploratory	  calculations	  were	  done	  at	  the	  SU(3)	  flavor	  
symmetric	  point.	  The	  use	  of	  optimized	  interpolating	  operators	  is	  essential	   in	  achieving	  a	  good	  
overlap	  with	   the	   state	   of	   interest,	   so	   that	   a	   signal	   can	   be	   extracted	   from	   the	   Euclidian	   time	  
correlation	  function	  at	  early	  times.	  We	  invested	  a	  significant	  number	  of	  CPU-‐	  and	  person-‐hours	  
investigating	   various	   sets	   of	   two-‐nucleon	   interpolating	   operators	   to	   determine	   which	   would	  
optimize	   the	  production	   runs.	   	   These	  operators	   can	  be	   constructed	   in	  a	  post-‐processing	   step	  
from	  a	  smaller	  subset	  of	  elementary	  operators	  obtained	  from	  a	  HPC	  calculation.	  Results	  from	  
this	  study	  will	  be	  published	  in	  a	  detailed	  technical	  paper	  soon	  [1].	  

Higher	  partial	  waves	  via	  the	  Lellouch-‐Luscher	  matching:	  	  In	  order	  to	  compute	  two-‐body	  matrix	  
elements,	  control	  over	  the	  two-‐body	  interaction	  is	  essential:	  The	  finite	  volume	  matrix	  element	  
has	   to	   be	   related	   to	   its	   physically	   relevant,	   infinite	   volume	   counterpart,	   by	   the	   so-‐called	  
Lellouch-‐Luscher	  matching	  factor.	  Good	  knowledge	  of	  phase	  shifts	  and	  their	  first	  derivatives	  is	  
needed	  for	  all	   (intermediate)	  states	   involved	   in	  that	  process.	  Both	  S-‐	  and	  P-‐wave	  phase	  shifts	  
are	   needed	   for	   PV.	   For	   this	   reason,	   we	   have	   started	   a	   massive	   calculation	   of	   two-‐nucleon	  
scattering	  amplitudes,	  with	   the	  aim	  extracting	  all	   phase	   shifts	  up	   to	   the	  F-‐wave	   channel	   (see	  
below).	  	  While	  previously	  good	  progress	  was	  made	  in	  the	  much	  easier	  case	  of	  coupled-‐channel	  
two-‐meson	   scattering,	   a	   controlled	   ab-‐initio	   calculation	   of	   higher	   partial	   wave,	   two-‐nucleon	  
phase	  shifts	  is	  an	  absolute	  novelty.	  

Cubic	  vs.	  rotational	  symmetry:	  	  

Because	  the	  lattice	  breaks	  rotational	  symmetry,	  lattice	  states	  cannot	  be	  classified	  by	  irreducible	  
representations	   of	   the	   full	   rotation	   group	   but	   instead	   by	   irreps	   of	   the	   cubic	   group.	   In	   the	  
continuum,	  spherical	  harmonics	  describing	  states	  of	  definite	  orbital	  angular	  momentum	  form	  
an	  orthonormal	  basis,	  but	  this	  property	  is	  lost	  on	  the	  lattice.	  This	  continuum-‐lattice	  relationship	  
is	   illustrated	   in	   Fig.	   1	   panel	   (a)	   shows	   Y11	   and	   Y31	  while	   panel	   (b)	   shows	   the	   same	   functions	  
restricted	  to	  the	  corners	  of	  a	  cube.	  The	  phases	  of	   the	  spherical	  harmonics	  and	  their	  absolute	  
values	  at	  cubical	  vertices	  are	  encoded	  in	  the	  coloring	  and	  in	  sizes	  of	  the	  spheres,	  respectively.	  	  
Both	  normalization	  and	  orthogonality	  are	  lost	  in	  the	  restriction	  to	  the	  cube:	  there	  is	  no	  one-‐to-‐
one	   mapping	   between	   the	   continuum	   angular	   momentum	   states	   and	   the	   states	   with	   good	  
lattice	  quantum	  numbers.	  As	  a	  consequence,	  one	  obtains	  an	  unphysical	  mixing	  of	  partial	  waves	  
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of	  same	  parity,	  in	  addition	  to	  the	  physical	  mixing	  due	  to	  the	  tensor	  component	  of	  the	  nuclear	  
force.	   In	   order	   to	   disentangle	   the	   unphysical	   part	   of	   the	  mixing,	   a	   complicated	   determinant	  
equation	   has	   to	   be	   solved.	   This	   procedure	   requires	   computing	  multiple	   finite-‐volume	   energy	  
levels	  to	  a	  high	  precision.	  Our	  sophisticated	  non-‐local	  operators	  have	  good	  overlap	  even	  with	  
states	  of	  large	  relative	  momenta,	  allowing	  us	  to	  extract	  various	  energy	  levels	  to	  high	  precision	  
on	  every	  volume.	  

Physics	   Results:	   Figure	   2	   summarizes	   some	   of	   our	   results.	   The	   left	   (middle)	   panels	   show	   the	  
effective	  masses	  for	  a	  variety	  of	  relative	  momenta	  on	  243	  x	  48	  	  (323	  x	  48)	  lattices.	  	  The	  colored	  
bands	   correspond	   to	   a	   best	   fit	   to	   a	   constant	  with	   statistical	   and	   fitting-‐systematic	   error	   bars	  
added	  in	  quadrature.	  The	  latter	  uncertainty	  is	  obtained	  by	  shifting	  the	  fitting	  window	  two	  time-‐
slices	   in	   either	   direction.	   The	   solid	   lines	   spanning	   the	   figures	   define	   the	   two-‐particle	   non-‐
interacting	   energy	   levels:	   the	   differences	   between	   these	   lines	   and	   the	   fits	   measure	   the	  
respective	   interaction	  energies	   in	  the	  box.	  The	  panels	  on	  the	  right	  translate	  the	  energy	   levels	  
into	   phase	   shifts	   via	   Luscher's	   finite-‐volume	   formalism	   for	   two-‐nucleon	   scattering,	   excluding	  
unreliable	  energy	  fits.	  This	  procedure	  is	  nonlinear	  and	  requires	  functions	  with	  poles	  at	  the	  non-‐
interacting	   energies.	   Thus,	   when	   the	   finite-‐volume	   plateaus	   are	   near	   the	   non-‐interacting	  
energies,	  the	  error	  bars	  are	  dramatically	  amplified.	  

We	   fit	   the	   scattering	   data	   to	   increasing	   orders	   in	   the	   effective	   range	   expansion.	   The	   yellow	  
horizontal	   band	   corresponds	   to	   a	   fit	   to	   a	   constant,	  which	   in	   the	   S-‐wave	   channel	   is	   inversely	  
proportional	   to	   the	  scattering	   length:	   recall	  at	   long	  wavelengths	  q2l+1	   cot(	  δl	   )	  à	  1/al2l+1.	   	  The	  
blue	  bands	  allow	   for	   linear	  q2	  dependence,	  and	   the	  green	  band	   in	   the	   1S0	   channel	   includes	  a	  
quadratic	  term.	  The	  vertical	  dashed	  lines	  correspond	  to	  the	  t-‐channel	  cut,	  where	  the	  effective	  
range	  expansion	  may	  no	  longer	  be	  reliable.	  We	  truncate	  the	  partial-‐wave	  expansion	  at	  L=4	  and	  
have	  neglected	  the	  F-‐wave	  contribution	  to	  the	  cubic	  irreducible	  representations.	  We	  have	  some	  
evidence	  that	  this	  contribution	  is	  small,	  but	  further	  investigation	  is	  needed.	  The	  vertical	  bands	  
in	   the	   phase-‐shift	   plot	   for	   the	   1S0	   channel	   correspond	   to	   the	   extrapolated	   infinite-‐volume	  
bound-‐state	  energies.	  At	   the	  physical	  point,	   this	   channel	   is	  unbound,	  but	   remarkably	  by	  only	  
~70	  keV.	   	  Our	  calculations	  find	  an	  extremely	   large	  scattering	   length:	  this	   indicates,	  at	  mπ~800	  
MeV,	  the	  1S0	  virtual	  state	  is	  slightly	  bound.	  This	  agrees	  with	  the	  previous	  calculations	  of	  NPLQCD	  
and	   Yamazaki	   et	   al.	   Our	   improved	   calculations,	   however,	   provide	   the	   first	   higher-‐order	  
parameterizations	  of	  the	  phase	  shift	  q	  cot[	  δ0(q)	  ]	  as	  a	  function	  of	  q2.	  Our	  results	  are	  also	  the	  
first	  treating	  higher	  NN	  partial	  waves,	  including	  parity-‐odd	  channels	  important	  to	  our	  PV	  goals.	  
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(a)	  Isospin-‐1,	  1S0	  

	  
(b)	  Isospin-‐0,	  1P1	  

  
(	  c)	  Isospin-‐1,	  1D2	  

 
(d)	  Isospin-‐1,	  3D2	  

	  

Figure	  2:	  Plateaus	   for	  243	   x	  48	  and	  323	   x	  48	   lattices	  and	   the	  corresponding	  phase	   shifts	   for	  a	  
variety	   of	   lattice	   irreducible	   representations	   and	   their	   corresponding	   partial	   waves.	   Yellow	  
horizontal	  bands	  represent	  fits	  to	  a	  constant	  (for	  the	  S-‐wave,	  it	  is	  inversely	  proportional	  to	  the	  
scattering	  length),	  while	  blue	  (green)	  bands	  include	  a	  linear	  q2	  (q4)	  dependence	  (corresponding	  
to	  the	  next	  orders	  in	  the	  effective	  range	  expansion).	  

I = 1, A1+

4 6 8 10 12 14 16

0.00

0.05

0.10

0.15

0.20

0.25

têa

a
D
E n
Htêa
L

I = 1, A1+

4 6 8 10 12 14 16

0.00

0.05

0.10

0.15

0.20

tê a

a
D
E
n
Htê

aL
I = 0, T1-

4 6 8 10 12 14 160.0

0.1

0.2

0.3

0.4

têa

a
D
E n
Htêa
L

I = 0, T1-

2 4 6 8 10 12 14 16
0.00

0.05

0.10

0.15

0.20

tê a

a
D
E
n
Htê

aL

I = 1, T2+

4 6 8 10 12 14 160.05

0.10

0.15

0.20

0.25

têa

a
D
E n
Htêa
L

I = 1, T2+

4 6 8 10 12 14 16
0.02

0.04

0.06

0.08

0.10

0.12

0.14

tê a

a
D
E
n
Htê

aL

I = 0, E+

4 6 8 10 12 14 160.05

0.10

0.15

0.20

0.25

têa

a
D
E n
Htêa
L

I = 0, E+

4 6 8 10 12 14 16

0.04

0.06

0.08

0.10

0.12

tê a

a
D
E
n
Htê

aL



Lattice	  QCD	  for	  Nuclear	  Physics	   	  
 

 6 

Lattice	  QCD	  thermodynamics	  

This	  project	  aims	  to	  calculate	  quantities	  that	  are	  important	  in	  determining	  the	  freeze	  out	  
parameters	  and	  in	  guiding	  heavy	  ion	  experiments	  in	  the	  search	  of	  the	  QCD	  critical	  point.	  We	  are	  
measuring	  the	  second	  and	  fourth	  order	  cumulants	  of	  electric	  charge	  fluctuations	  using	  lattice	  
QCD	  numerical	  simulations	  with	  staggered-‐type	  quarks	  as	  well	  as	  possibly	  chiral	  quarks	  at	  
physical	  pion	  mass.	  	  Our	  research	  progress	  to	  date	  is:	  	  

(1)	  We	  have	  completed	  the	  simulation	  of	  the	  QCD	  thermal	  phase	  transition	  with	  chiral	  quarks	  
and	  found	  that	  the	  transition	  is	  a	  crossover	  with	  pseudo-‐critical	  temperature	  [2-‐4].	  	  

(2)	  Have	  started	  simulations	  of	  charge	  fluctuations	  at	  the	  physical	  point	  using	  staggered-‐type	  
quarks	  (HISQ)	  on	  large	  643x16	  lattices.	  These	  simulations	  are	  in	  their	  final	  phase	  and	  the	  
corresponding	  analysis	  has	  begun.	  First	  publication	  of	  results	  is	  expected	  in	  FY16.	  

Metrics  

Publications	  
[14] “Partial Wave Nucleon Nucleon Scattering from Lattice QCD,” CalLat collaboration, to 

be submitted to Phys. Rev. Lett. (2015) 
[15] “Lattice QCD Thermodynamics with Physical Quark Masses,” R.A. Soltz , C. DeTar, F. 

Karsch, Swagato Mukherjee, P. Vranas, to appear in Annual Review of Nuclear and 
Particle Science 2015 

[16] “The equation of state in (2+1)-flavor QCD,” A. Bazavov et. al., The HotQCD 
collaboration, Phys. Rev. D90 (2014) 9, 094503 

[17] “QCD Phase Transition with Chiral Quarks and Physical Quark Masses,” T. 
BhattaCharya, et. al., the HotQCD collaboration, Phys. Rev. Lett. 113 (2014) 8, 082001 
and [PRL editors choice 8/2014 with spotlight exceptional research viewpoint article] 

Contributed	  Talks	  	  
1. “Investigating the phases of extreme QCD matter,” P. Powell, LLNL Postdoc 

Symposium Poster, 6/17/2015 
2. “Lattice QCD, Charge Fluctuations, and Boostrap Algebraic Multigrid,” C. Schroeder, 

2014 SciDAC PI Meeting Poster, 8/14/2014. 
3. “Algebraic Multigrid for QCD and ICF,” C. Schroeder, LLNL Postdoc Symposium 

Poster, 7/9/2014. 
4. “The QCD Phase Transition with Three Physical-Mass Pions,” C. Schroeder (for the 

HotQCD/LLNL/RBC collaboration), Lattice 2014 Parallel Talk, 6/23/2014. 

	  
Additional Information  

Plans	  for	  next	  budget	  period	  
Nucleon	  Nucleon	  scattering	  phase	  shifts	  from	  Lattice	  QCD	  

(1)	  We	  will	  increase	  the	  statistics	  for	  NN	  scattering	  in	  order	  to	  achieve	  even	  smaller	  errors.	  

(2)	  Measure	  the	  Parity	  Violating	  matrix	  elements,	  beginning	  with	  the	  I=2	  amplitude.	  
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(3)	  Repeat	  these	  calculations	  for	  the	  more	  demanding	  case	  of	  lower	  pion	  masses.	  

	  

Lattice	  QCD	  thermodynamics	  

(1)	  We	  will	  complete	  the	  charge	  fluctuations	  measurements	  using	  staggered-‐type	  quarks.	  

(2)	  We	  will	   investigate	  measuring	  charge	   fluctuations	  on	   the	  chiral	   fermion	  ensembles	   (DWF)	  
we	  have	  generated	  for	  the	  measurement	  of	  the	  critical	  temperature	  

	  

Changes	  in	  personnel	  

None	  

	  
Impact  

Our	  calculation	  of	  Nucleon-‐Nucleon	  scattering	  phase	  shifts	  for	  higher	  partial	  waves	  using	  Lattice	  
QCD	   is	   the	   first	   such	   calculation	   ever	   and	   paves	   the	   wave	   for	   studies	   of	   fundamental	  
symmetries	  in	  hadronic	  processes	  such	  as	  Parity	  Violation.	  

Our	  simulation	  of	  the	  QCD	  thermal	  phase	  transition	  with	  chiral	  quarks	  is	  the	  first	  of	  its	  kind	  and	  
a	  scientific	  milestone	  of	  great	  importance	  after	  almost	  30	  years	  of	  efforts	  in	  this	  direction.	  It	  
was	  not	  only	  published	  in	  Physical	  Review	  Letters,	  it	  also	  was	  PRL	  editors	  choice	  8/2014	  with	  a	  
spotlight	  exceptional	  research	  viewpoint	  article,	  as	  well	  as	  it	  was	  selected	  as	  a	  DOE/Office	  of	  
Science/NP	  web	  highlight	  in	  July	  2015.	  This	  research	  established	  that	  the	  QCD	  thermal	  
transition	  with	  chiral	  quarks	  at	  their	  physical	  values	  is	  a	  crossover	  with	  pseudo-‐critical	  
temperature	  ~	  155(9)	  MeV	  [4].	  Our	  research	  on	  the	  second	  and	  fourth	  order	  cumulants	  of	  
electric	  charge	  fluctuations	  is	  important	  in	  determining	  the	  freeze	  out	  parameters	  and	  in	  
guiding	  heavy	  ion	  experiments	  in	  the	  search	  of	  the	  QCD	  critical	  point.	  	  

Participants 
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Collaborators	  
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